Prairie is an endangered ecosystem in North America (Samson et al. 2004 ) and the decline in associated avifauna is an important issue facing biologists and managers in the region (Brennan and Kuvlesky 2005, Askins et al. 2007 ). Public lands, such as National Wildlife Refuges (NWRs), provide important habitats for grassland-dependent species of wildlife, given the continued conversion and degradation of grasslands held in private ownership (Higgins et al. 2002 , Stephens et al. 2008 . Prairies in the northern Great Plains that are managed mainly by rest (no grazing or burning) become increasingly dominated by woody and introduced plant species , DeKeyser et al. 2009 , Grant et al. 2009 ), and such degraded grasslands provide poorer quality habitat for many species of grassland-dependent wildlife. In North Dakota, USA, for example, abundances were lower for several passerine species in grasslands degraded by introduced plants and woody vegetation (Madden et al. 2000 , Grant et al. 2004 . Management practices, such as grazing, burning, and haying, often are used to improve the quality of prairies. Annually, about 10,000-20,000 ha of grassland, mostly northern mixed-grass prairie, is periodically burned on NWRs in the Dakotas and eastern Montana (USA). Use of fire is justified to improve wildlife habitat, restore or maintain native plant communities, and reduce fuels associated with catastrophic wildfire. However, prescribed fire remains controversial for some grassland managers because of reported reductions in bird use of recently burned grasslands (Naugle et al. 2000) . Few studies have specifically evaluated effects of fire on grassland bird populations in the northern mixed-grass prairie region. Even fewer studies have examined the influence of fire on nest density or nest survival, particularly postfire avian response in relation to years since fire or frequency of fire. Fire effects on waterfowl nesting in northern mixed-grass prairie are derived mainly from shortterm (generally 1-yr) observational studies and anecdotal accounts (reviewed in Higgins et al. 1989 , Naugle et al. 2000 , although a recent study in the aspen parkland of Manitoba and Saskatchewan, Canada, evaluated fire over a 6-8-yr period (Devries and Armstrong 2011) . Similar fire-effects studies are not available for passerines in northern mixed-grass prairie, but are better studied in tallgrass prairie. Higgins et al. (1989) , however, cautioned that results from tallgrass prairie may not be directly applied to different systems, such as mixed-grass prairie, due to differences in climate, vegetation composition and structure, and avian community composition. We found no studies that concurrently examined fire effects on ducks and passerines nesting in the northern Great Plains, despite the importance of both groups in conservation planning and implementation (Fitzgerald et al. 1999 , Government Accountability Office 2007 . On NWRs and other conservation lands in our region, use of prescribed fire is deemed necessary to restore prairies degraded by woody and introduced plants or to maintain prairies in pristine condition , DeKeyser et al. 2009 , Grant et al. 2009 ). Within our study area, vegetation cover dominated by native grasses and forbs accounted for only 15% of the contemporary plant community, whereas Kentucky bluegrass (Poa pratensis) and smooth brome (Bromus inermis) accounted for 26% and 43% cover, respectively (T. A. Grant, unpublished data). Prior to our study, prescribed fire had been implemented as an on-going strategy for reversing the detrimental changes in vegetation composition. Our study was conceived to document the response of grassland birds to management that was occurring for purposes other than ''improving nesting habitat'' for grassland birds (Higgins et al. 1989 , Naugle et al. 2000 . Specifically, our objective was to determine effects of fire history (1, 2, 3, and !4 postfire growing seasons) on nest densities of ducks and passerines within a remnant tract of northern mixed-grass prairie undergoing restoration, where the long-term goal is a state where vegetation composition is similar to that which occurred prior to Euro-American settlement.
STUDY AREA
We conducted our study on the 23,900-ha J. Clark Salyer NWR in Bottineau County, North Dakota (about 48845 0 N, 100850 0 W). The refuge was within the northern mixed-grass prairie region (Partners in Flight Physiographic Area 37; Fitzgerald et al. 1999) . More specifically, our study site was within the Drift Prairie landform, characterized by native sod in deep (12-15-cm surface, 25-30-cm subsurface) loams (Bluemle 2000) . Drift prairie on J. Clark Salyer NWR consisted of 25-km-long, narrow (0.5-2.0-km-wide) tracts along shallow impoundments of the Souris River. Drift prairie tracts were bordered by cropland, interspersed with scattered tracts (16-130 ha) of either annually grazed, privately owned drift prairie or former cropland seeded to introduced grasses and forbs for conservation purposes (e.g., to reduce soil erosion, provide bird nesting cover).
Vegetation was a needle grass-wheatgrass (StipaAgropyron) association intermingled with 2 exotic grasses, Kentucky bluegrass and smooth brome. Grasses and forbs were interspersed with patches of low shrub dominated by western snowberry (Symphoricarpos occidentalis). Prior to our study, the area was managed with prescribed fire (usually in the spring) in 100-200-ha blocks every 2-6 yr since the late 1960s, except during 1985-1993, when the frequency and extent of prescribed fire in North Dakota was curtailed by drought. Cattle have not grazed the area since 1950 or before. Climate was subhumid continental, with average monthly temperatures ranging from À158 C in January to 208 C in July. Annual precipitation fluctuated during 1998-2003, but mean annual level was near the long-term average (x ¼ 44.2 cm vs. 43 cm; T. A. Grant, unpublished data).
METHODS Study Design and Data Collection
Our study design was identical to that of Grant et al. (2010) . We used a 400-ha tract of prairie comprised of 7 contiguous units, each with a unique fire history (Table 1) . Beginning in 1997, we burned selected units in August-September to mimic naturally occurring late-summer fires (Higgins 1986b) . Our primary variable of interest (i.e., treatment) was the number of growing seasons since the last fire had occurred (postfire growing seasons). We grouped study-unit histories (41 total 1998-2003) into 1 (i.e., current growing season), 2, 3, or !4 postfire growing seasons (range ¼ 1-12). For example, the number of postfire growing seasons for unit F, which was burned in 1998 and again in 2002, was !4 in 1998, 1 in 1999, 2 in 2000, 3 in 2001, !4 in 2002, and 1 in 2003 (Table 1) . Postfire growing seasons 4-12 were pooled based on smaller samples of available unit histories and the assumption that fire effects would be less evident as the number of postfire growing seasons increased. This assumption seemed reasonable in light of historic fire return intervals of 5-10 yr for the region (Bragg 1995) . We searched for nests of all grassland bird species (i.e., ducks, passerines, shorebirds, raptors, etc.) from mid-April to late July of each year. We located nests between 0700 hr and 1600 hr by flushing adult birds with a 25-m weighted rope that had tin cans attached every 0.5 m (Davis 2003) . Each of 7 study plots was systematically searched 6-8 times during the breeding season. We also located some nests fortuitously and, for passerines, by observing behaviors of adult birds . We marked nests using survey flags placed 3-5 m to the north and south of the nest, with the top of the flag placed just above the average height of the vegetation. Nest location was recorded via global positioning system receiver.
Each year, we measured the structure of vegetation during late June through mid-July on 100-m-radius plots (4-7 plots within each burn unit) used to survey birds in a companion study (see Grant et al. 2010 :1843 for details). Specifically, we measured litter depth, defined as the thickness (cm) of dead, unconsolidated (mostly horizontal) plant matter; standing dead vegetation, defined as the percentage of standing vegetation that is dead; and maximum vegetation height (cm), defined as the tallest vegetation contact. We averaged data across 4-7 plots, for an overall mean for each burn unit (Grant et al. 2010) .
Nest Density and Imperfect Nest Detection
We estimated nest density as the number of nests detected divided by the area searched for the 8 species we studied. Because we systematically searched units multiple times throughout the season, nest detection was dependent on 1) how long an individual nest persisted, and 2) probability an adult was at the nest and flushed in response to disturbance from the rope (Giovanni et al. 2011 ). We did not quantify the latter probability and instead assumed it did not vary with fire history of units. described an estimator for number of nests initiated that accounts for nests that fail (mostly by predation) before they can be discovered. Application of their estimator to our data for duck species was straightforward. However, application of the method for passerine species was complicated by the fact that nest survival was influenced both by predation and nest parasitism by brown-headed cowbirds (Molothrus ater), particularly for Savannah sparrow (Passerculus sandwichensis) and, to a lesser extent, bobolink (Dolichonyx oryzivorus), where parasitism interacted with the fire history of units (T. A. Grant, unpublished data) . In cases where we were successful in applying the estimator (all species except Savannah sparrow), least-squares mean estimates (Milliken and Johnson 1984:156) of detection-corrected nest density with respect to number of postfire growing seasons were strongly correlated with those of uncorrected nest densities reported here (e.g., r [Pearson correlation here and hereafter] ranged from 0.75 for mallard [Anas platyrhynchos] to >0.99 for blue-winged teal [A. discors] and clay-colored sparrow [Spizella pallida], n ¼ 4). We term these uncorrected densities as ''apparent nest densities'' throughout the paper. To further justify our use of apparent nest densities, we compared the pattern of apparent nest densities with respect to number of postfire growing seasons for clay-colored sparrow, Savannah sparrow, and bobolink to the pattern of independently derived estimates of relative abundance from Grant et al. (2010) . The pattern of response to fire was nearly identical for the 2 metrics. Studies like ours that do not mark individuals cannot distinguish first nests from renests or second nests within a year, although we have no evidence that these nest attempts were related to fire history of study units.
Fire Effects on Nest Density
For each species, all duck species combined, and all passerine species combined, we utilized apparent nest densities in each of 41 yr-burn unit combinations (7 burn units and 6 yr; Table 1 ). We report results from a linear mixed model implemented in PROC MIXED (SAS Institute 2004) to estimate effect of postfire growing seasons on nest density. The model contained additive effects of year and number of postfire growing seasons and was based on the assumption of normally distributed data. Because we surveyed the same units in multiple years, repeated measures were potentially correlated. We modeled the correlation assuming an exchangeable correlation structure (TYPE ¼ CS in PROC MIXED). We report least-squares mean estimates (Milliken and Johnson 1984) of nest density by year and postfire growing seasons. We considered alternative models (implemented in SAS PROC GLIMMIX) that recognized our data as counts and imposed either overdispersed-Poisson or negative binomial distributional assumptions; results of those analyses, including model-based estimates of nest density, were consistent with results we report. We anticipated that changes in precipitation would partly explain year effects we might observe. We calculated annual precipitation as the amount received from 1 January to 31 December of the previous year (measured using weather station at refuge headquarters), and computed Pearson correlation coefficients between precipitation and annual estimates of nest density. We believe this measure of precipitation accounted for moisture received during the previous year (known to affect vegetation structure during the subsequent growing season; Grant et al. 2010 ) and Table 1 . Growing seasons since last fire for 7 units within a 400-ha mixed-grass prairie complex on J. Clark Salyer National Wildlife Refuge, North Dakota, USA, 1998 USA, -2003 . For purposes of analysis, we categorized the 41 unit-year combinations into 1 (n ¼ 11), 2 (n ¼ 11), 3 (n ¼ 7), or !4 (n ¼ 12) growing seasons since last fire. (Fig. 3) . Density of nests for clay-colored sparrow, Savannah sparrow, bobolink, and all passerine species combined did not vary among years (F 5,26 ¼ 0.62-2.03, P ¼ 0.69-0.11); however, the pattern of nesting among years closely matched that of annual precipitation ( Fig. 1 ; r 5 ¼ 0.67 [all passerine species combined]). Except for bobolink, apparent nest densities of other passerines and all passerines combined were more closely related to litter depth and standing dead vegetation than to maximum vegetation height (Table 3) . Apparent nest densities of clay-colored sparrow (F 3,18 ¼ 10.19, P < 0.001), Savannah sparrow (F 3,18 ¼ 12.47, P < 0.001), bobolink (F 3,18 ¼ 6.73, P ¼ 0.003), and all passerine species combined (F 3,18 ¼ 17.25, P < 0.001) were more influenced by fire history than what we observed for ducks. Densities for both sparrows were approximately 9-11 nests/100 ha during the first postfire growing season, increased to about 30-50 nests/100 ha during the second and third postfire growing season, and stabilized thereafter (Fig. 3) . Bobolink nest density was 7.2 nests/100 ha during the first postfire growing season, increased to 17.5 nests/ 100 ha during the second postfire growing season, and declined thereafter (Fig. 3) . Fire influenced vegetation structure by altering litter depth (F 3,18 ¼ 52.2, P < 0.001) and standing dead vegetation (F 3,18 ¼ 140.44, P < 0.001). Less apparent was the influence of fire on maximum vegetation height (F 3,18 ¼ 2.88, P ¼ 0.065). All 3 parameters were lowest during the first postfire growing season (Fig. 2) . Standing dead vegetation and litter depth increased 4-6-fold, respectively, during the second postfire growing season. Standing dead vegetation and maximum vegetation height stabilized during growing seasons 2 and 3, whereas plant litter accumulated 1-2 cm during each postfire growing season (Fig. 2) .
DISCUSSION
During 1998-2003, fire history of units and changes in annual precipitation influenced vegetation structure, which, in turn, affected nesting by ducks and passerines. Apparent nest densities for ducks were related to maximum vegetation height, which, of the 3 vegetation parameters we measured, was least influenced by fire. This may explain the relatively minor influence of fire on duck nest densities that we observed. In contrast, fire greatly altered litter depth and standing dead vegetation, which may, in turn, explain the more influential response of passerines to fire history, especially compared to that we observed for ducks. For most species considered, apparent nest densities were lowest during the first postfire growing season, increased during the second postfire growing season, and stabilized or, in some cases, decreased thereafter.
Fire Effects on Grassland Birds
Few studies have examined the influence of fire on bird nesting in northern mixed-grass prairie. We were particularly surprised how limited data were concerning fire effects on waterfowl nesting, given the importance of waterfowl in setting management objectives for the region (Government Accountability Office 2007) and the widespread use of prescribed fire on NWRs and other conservation lands during the past 40 yr. Some fire accounts were anecdotal (e.g., Glover 1956 , Martz 1967 , while others used data pooled across all duck species, a technique that is rarely justified except when small samples preclude more effective analyses. For example, Fritzell (1975) found lower nest densities for all duck species combined during the first growing season after spring burning of wetland, roadside, and cropland edges compared to idled cover in a Canadian agricultural landscape. Kirsch and Kruse (1973) studied duck nesting in North Dakota on 3 plots, 2 of which were burned in May of the previous year, and 1 control plot that was rested. They found similar numbers of duck nests on areas that were burned in May of the previous year, but with one complete growing season since fire compared to the unburned control plot (this treatment is analogous to 2 postfire growing seasons in our study, where units were burned in Aug to Sep). In an expanded study that included data from Kirsch and Kruse (1973) , 8 species of upland-nesting ducks used mixed-grass prairie sites regardless of whether tracts were idled, burned, or grazed (within-year densities); however, nest densities were greater in idle native prairie tracts (26.7 nests/40.5 ha) than in burned tracts (14.7 nests/ 40.5 ha; Higgins et al. 1992 ). Higgins (1986a) compared spring and autumn burning on 5 mixed-grass prairie tracts in North Dakota and observed the lowest duck-nesting response during the first postfire growing season, likely related to reduced vegetation height and density. By the second growing season after fire, the number of nests was nearly equal on spring-and autumn-burned plots and remained similar during the third and fourth postfire growing seasons. Kruse and Bowen (1996) found no difference in densities among spring burn plots, grazed plots, burn-graze plots, and control plots for any duck species they studied. However, habitat changes and poor reproductive success associated with drought led to potentially insufficient power to detect fire effects and may have complicated interpretation of their results. In a recent study conducted in aspen parkland region of Manitoba and Saskatchewan, duck nest density was 0.7 nests/ha the first year following management (i.e., haying and burning), nearly doubled in years 2-3, and declined back to approximately 0.7 nests/ha for sites with !6 yr postmanagement, results similar to our data (Devries and Armstrong 2011) . Effects of fire on passerine occurrence, density, and relative abundance in northern mixed-grass prairie were recently reviewed in Grant et al. (2010) . To our knowledge, effects of fire on passerine nesting (i.e., density or survival) have not been examined in the region. Available studies that have examined these effects are from other grassland systems, particularly tallgrass prairie. The mean number of nests for eastern meadowlark (Sturnella magna), grasshopper sparrow (Ammodramus savannarum), and dickcissel (Spiza americana) did not differ between undisturbed and disturbed (grazing and burning) plots at a tallgrass prairie site in Oklahoma, USA (Rohrbaugh et al. 1999) . These 3 passerine species selected burned sites over undisturbed sites during another study in Oklahoma (Shochat et al. 2005) . Fewer bird nests (all species combined) were found in fields enrolled in the Conservation Reserve Program during the first postfire growing season (spring fires) than during 2-4 postfire growing seasons (Robel et al. 1998 ).
In a review of studies that examined management effects (including fire effects) on grassland birds in the northern Great Plains, Naugle et al. (2000) concluded that most studies lacked research designs necessary to effectively evaluate bird response to changes in grassland structure modified by defoliation events (i.e., fire, grazing, or haying). In a companion study to ours, Grant et al. (2010) demonstrated fire-induced changes in vegetation structure as a probable mechanism to explain grassland passerine response (relative abundance derived from point counts) to fire. Specifically, they found that fire-induced changes in vegetation structure (litter, standing dead vegetation, and max vegetation ht) influenced species richness and relative abundance for 5 species of grassland passerines and for all passerine species combined. In general, bird use declined the first year following fire but increased and often stabilized within 2-3 postfire growing seasons, results nearly identical to our data for apparent nest densities of clay-colored sparrow, Savannah sparrow, and bobolink. Devries and Armstrong (2011) also reported that litter depth and visual obstruction readings were reduced during the first year after management (fire and haying), and that changes in vegetation structure influenced duck nest density.
Balancing the Ecological Role of Fire with Bird Nesting
Duck nest densities in grasslands that are idled are generally reported to be greater than for grasslands recently (previous autumn or current spring) burned, grazed, or hayed (see review by Naugle et al. [2000] , also see Devries and Armstrong [2011] ). Kirsch (1969) was among the first to advocate discontinuation of practices that removed grassland cover because duck nesting was expected to be lower compared to grasslands that were idled. Similar recommendations were made by Kruse and Bowen (1996:244) , who concluded that ''manipulations (grazing, fire, or grazing and fire) we studied were detrimental to most species of upland-nesting waterfowl, at least in some years.'' In these and similar treatment-control studies, prescribed fire was classified as detrimental or, at best, neutral for upland-nesting duck species, despite evidence that grassland birds are flexible and often renest or occupy adjacent unburned habitat rather than die or emigrate from the area as a result of fire (Naugle et al. 2000) . Many of these studies also lacked data on longer term effects of fire. Fire and/or grazing are recommended at 3-10-yr intervals in northern grasslands (primarily to reduce accumulation of litter); furthermore, treatments should be deferred for several years (i.e., undermanage) in cases where managers are uncertain whether such actions are necessary (Naugle et al. 2000) . Under this scenario, years of rest (i.e., no defoliation treatments) are increased. Infrequent defoliation may increase attractiveness of grasslands for duck nesting (at least in the short term), especially for species such as gadwall and mallard that are attracted to cover that is tall and dense (reviewed in Naugle et al. 2000) . However, long-term changes in composition of prairie plant communities related to fire frequency have rarely been assessed, despite growing evidence that degraded grasslands offer less suitable habitat for many grassland bird species (e.g., Kirsch et al. 1978; Madden et al. 2000; Grant et al. 2004 Grant et al. , 2010 . This is especially apparent for areas managed with long-term rest, because these are among the most degraded grasslands on NWRs and other lands in the Dakotas (DeKeyser et al. 2009 , Grant et al. 2009 ). Prescribed fire continues to gain greater acceptance as a restoration and maintenance tool for grassland managers, although research documenting postfire responses for grassland birds has not kept pace. In northern mixed-grass prairie, additional study is required that documents short-and longterm nesting responses across a broad suite of grassland bird species, as is research documenting nest survival in response to fire.
Because our study was conducted at a single site, wide inferences drawn from our data should be viewed with caution. Furthermore, use of prescribed fire was assumed in our study, based on the requisite that fire is a necessary component for prairie restoration (Madden et al. 1999 , Grant et al. 2010 . Significantly, the northern Great Plains evolved with grazing and fire disturbances (Higgins 1986b , Manske 2000 , as well as climatic variability (Bragg 1995) . Natural and anthropogenic fires occurred roughly every 5-10 yr in northern mixedgrass prairie (Bragg 1995) , with north-central and northwestern North Dakota estimated near the 5-6-yr end of this range (Madden et al. 1999 , Grant et al. 2010 . Beginning with Euro-American settlement, these fires were suppressed (Umbanhowar 1996) . Changes in the prairie plant and animal community associated with decades of fire suppression are alarming, because many changes may be irreversible (Madden et al. 1999; Murphy and Grant 2005; Grant et al. 2009 Grant et al. , 2010 . Few prairies in the northern Great Plains are managed such that the interaction of drought, fire, and grazing mimic natural conditions (i.e., frequency, timing, and extent of disturbances) under which grassland plant and animal species evolved. Maintenance and restoration of prairies is further exacerbated by widespread invasions of introduced plant species (e.g., smooth brome and Kentucky bluegrass). An adaptive approach to prairie management that better considers forces that shaped northern grasslands, while also addressing invasive plant issues, has been recommended for NWRs and other prairies in the region (Grant et al. 2009 (Grant et al. , 2010 and is being developed (Gannon et al. 2011) ; the need for thorough documentation of plant and animal responses to management (including fire) is obvious.
MANAGEMENT IMPLICATIONS
Because reductions in apparent nest densities were limited mostly to the first growing season after fire, our results indicate that upland-nesting ducks and !3 grassland passerines are adapted to periodic fires, of frequency corresponding to the era preceding Euro-American settlement of the region. Duck species appear less influenced by recent fire than passerines because they were associated with actively growing vegetation (i.e., max vegetation ht), whereas passerines responded to residual vegetation from previous growing seasons (i.e., litter, standing dead) that was greatly reduced immediately following fire. Because most species of grassland birds are persistent renesters (i.e., they select or move to adjacent unburned habitats), prescribed fire conducted at spatial or temporal scales that match available resources similar to that of NWRs in our region likely does not appreciably affect local or regional grassland bird populations, via its influence on nesting density. Fires prescribed at lower frequencies (e.g., >10-yr intervals) may increase nest densities for some species in the short term. However, this approach poses significant long-term risks to grassland bird populations because degraded prairies ultimately reduce habitat use by many obligate grassland bird species.
